Objective responses are reported in 34% to 37% of patients with programmed death-1 (PD-1)-naïve advanced melanoma treated with PD-1 inhibitors. Pre-existing CD8+ T-cell infiltrate and interferon (IFN) gene signature correlate with response to PD-1 blockade. Here, we report a phase Ib/II study of pembrolizumab/pegylated (PEG)-IFN combination in PD-1-naïve advanced melanoma.
INTRODUCTION
Immunotherapy with programmed death-1 (PD-1) inhibitors is safe, produces durable responses in 30% to 40% of patients with advanced melanoma, and exhibits a favorable safety profile. 1, 2 The combination of the PD-1 inhibitor nivolumab and the cytotoxic T-cell lymphocyte-4 inhibitor ipilimumab yields higher overall response rates (58%) and durable survival compared with ipilimumab, although the incidence of grade 3/4 adverse events (AEs) is high, at 55%. 3, 4 Combinatorial therapies aiming at augmenting the effects of PD-1 blockade by counteracting the multiple mechanisms of melanoma-induced T-cell dysfunction are under way. 5 Several biomarkers, including CD8+ T-cell infiltrate, 6 PDligand 1 (PD-L1) expression, 7 tumor mutation burden, 8 and interferon (IFN) gamma gene expression profile (GEP), 9, 10 seem to correlate with response to PD-1 blockade. These data suggest that patients with melanoma with pre-existing T-cell immune responses are more likely to respond to PD-1 blockade.
Several lines of evidence support that type I IFN, including IFN-alpha (IFN-a), directly and indirectly modulate immune responses to melanoma and may add to PD-1 blockade in enhancing immune and clinical responses to melanoma. First, IFN-a exhibits direct antitumor effects. [11] [12] [13] Second, IFN-a enhances class I expression to facilitate cytotoxic T-lymphocytemediated killing 14 and is selectively required by dendritic cells for immune rejection of tumors in experimental models. [15] [16] [17] Third, type I IFNs directly activate innate and adaptive immune cells, including CD4+ T, CD8+ T, and natural killer cells. 18, 19 Conversely, suppression of type I IFN signaling through downregulation of type I IFN a/beta receptor mediates melanoma progression. 20 Finally, in vitro exposure to IFN-a increases PD-L1 expression in human cancers, including melanoma, 21, 22 whereas PD-1 blockade adds to IFN-a to boost antitumor effects in B16 melanoma-bearing mice. 21 In this phase Ib/II study (ClinialTrials.gov identifier: NCT02112032; KEYNOTE-020) of pembrolizumab and PEG-IFN, we evaluated the efficacy and safety of the combination in PD-1-naïve patients with advanced melanoma.
PATIENTS AND METHODS

Patients
This single-center, open-label, phase Ib/II trial included patients with stage IV PD-1-naïve melanoma. Eligible patients ($ 18 years) were characterized by the following: histologically confirmed mucosal or cutaneous melanoma (excluding uveal melanoma), were treatment naïve or pretreated (up to three treatments, excluding PD-1 inhibitors), life expectancy 3 months or more, an Eastern Cooperative Oncology Group performance status of 0 or 1, and measurable disease per Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1). Patients who had prior immune-related AEs (irAEs) from ipilimumab could enroll if these had resolved (grade 0) or were stably controlled while receiving prednisone 10 mg or less per day (grade 1). Patients were excluded if they had a grade 4 irAE, active CNS metastases, and/or carcinomatous meningitis (treated CNS metastases were allowed if radiographically stable for $ 4 weeks); history of severe hypersensitivity reactions to prior monoclonal antibody therapy and/or IFN-a; or active autoimmune disease requiring systemic immune suppression (excluding asthma, atopy, type I diabetes, and vitiligo). Approval to treat patients was obtained from the University of Pittsburgh's Hillman Cancer Center (HCC) Institutional Review Board (No. PRO14030075). The authors attest that signed informed consent was obtained from all patients involved in the study.
Study Design and Treatment
The clinical trial enrolled 43 evaluable patients. The phase Ib portion studied escalating doses of PEG-IFN (1 mg/kg, 2 mg/kg, and 3 mg/kg, per week, subcutaneously) combined with pembrolizumab (2 mg/kg, every 3 weeks, intravenously) and included four patients at each of the three dose levels (Appendix Table A1 , online only). The phase II portion studied the recommended phase II dose (RP2D) and included 31 patients (Appendix Figs A1 and A2, online only). A modified toxicity probability interval design was used to guide dose escalation. [23] [24] [25] Only PEG-IFN dose reductions were permitted. Dose-limiting toxicities (DLT) were defined as grade 3 or greater AEs within 28 days of the first treatment cycle. Grade 3 fatigue was excluded from the DLT definition. RP2D was defined as the highest dose at which no more than one of four patients experienced a DLT. Patients were treated until disease progression. Responding patients received a maximum of 34 cycles over a 2-year period.
End Points
The primary end points of the study were safety and RP2D (phase I portion) and investigator-assessed objective response rate (ORR; phase II portion) by RECIST v1.1. Secondary end points included progression-free survival (PFS) at 6 months, overall survival (OS), and correlative analyses.
Assessments
Radiographic imaging was performed at baseline, then every 12 weeks until disease progression by computed tomography (CT) or positron emission tomography/CT. Response assessments were per RECIST v1.1. AEs were evaluated using the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0.
Statistical Analyses
Efficacy and safety were assessed in all patients who received one or more doses of pembrolizumab and PEG-IFN. The association between variables and response was examined by comparisons between responders and nonresponders with the two-sided two-sample t test, Wilcoxon signed rank or Fisher's exact test, when appropriate. Survival data were analyzed with the Kaplan-Meier method and compared with log-rank tests. Association of variables with survival end points was examined with the Cox proportional hazards model. The sample size of up to 32 patients for the phase II part using modified toxicity probability interval design was determined by simulation. The sample size of 35 patients at RP2D was determined so that if the observed ORR was greater than or equal to 45%, the 90% exact CI (31% to 61%) was greater than 0.3, which represented the observed ORR with pembrolizumab monotherapy. Analyses were performed using a data cutoff date of December 31, 2017. Tumor Biopsies Tumor biopsies were obtained pretreatment and while receiving treatment (cycles three to five). Immunohistochemistry analyses were performed to detect lymphoid infiltrates (CD3, CD8, Foxp3) and PD-L1 expression (22C3 pharmDx assay, Dako North America, Carpinteria, CA). Tumor-infiltrating lymphocytes (TILs) were scored within the tumor and in the invasive margin from 0 to 4 as follows: 0 (0%), 1 (, 10%), 2 (, 20%), 3 (, 50%), and 4 (. 50%). 6 PD-L1 expression (PD-L1 MEL score) on the extent of membranous staining of tumor cells and/or adjacent immune cells was scored from 1 to 5 as follows: 0 (0%), 1 (. 0% and # 1%), 2 (. 1% to # 10%), 3 (. 10% to # 33%), 4 (. 33% to # 66%), and 5 (. 66%).
7 Tumors were considered PD-L1 positive if staining intensity was greater than or equal to 1%.
RNA Isolation and Gene Expression Analysis
Total RNA was isolated from formalin-fixed paraffin-embedded sections obtained from archival or fresh tumor samples (Ambion RecoverAll kit, Thermo Fisher Scientific, Waltham, MA). 10 Gene expression analysis used the previously validated 18-GEP on the basis of the NanoString nCounter gene expression platform (NanoString Technologies, Seattle, WA). 10 
Radiographic Tumor Burden
Radiographic tumor burden (RTB) was calculated pretreatment in a blinded fashion using positron emission tomography/CT or CT scan. For each lesion, 3D tumor volume was calculated as the sum of products of the bidimensional measurement and the longest vertical diameters on the view perpendicular to the 1D and 2D planes. The 3D tumor volume was totaled and analyzed by site (liver, nonliver visceral, lung, skin/subcutaneous) in each patient. Association of response with RTB was studied by comparing log-transformed RTB data between responders and nonresponders using the two-sided two-sample t test. The association of PFS/OS with RTB was analyzed with univariable Cox proportional hazards model, whereas the association of PFS/OS controlling for lactate dehydrogenase (LDH) and M substage was tested in multivariable Cox models.
RESULTS
Patient Population
We enrolled 43 patients (median age, 65 years; range, 44 to 80 years) with advanced melanoma from August 2014 to April 2017. All patients were PD-1 inhibitor naïve. Baseline characteristics are listed in Table 1 . Notably, 13 patients (30.2%) had received one or more lines of therapy for metastatic disease, whereas 22 (51.2%) had received either IFN or ipilimumab in the adjuvant setting. In addition, 13 (30.2%), 12 (27.9%), and 18 (41.9%) patients had distant skin, subcutaneous, or nodal metastases (M1a), pulmonary metastases (M1b), or visceral metastases (M1c), respectively. Treated and stable brain metastases were present in nine patients (20.9%). Pretreatment LDH was normal in six patients (14.0%) and elevated in 37 patients (86.0%). 
NOTE. All patients who received at least one dose of pembrolizumab and one dose of pegylated-interferon are included. All are events numerated. Abbreviation: VKH, Vogt-Koyanagi-Harada disease. *Includes rash, macular rash, and maculopapular rash.
Treatment-Related Toxicities
During the dose-escalation portion of the study, no DLT was observed in any of the three PEG-IFN dose cohorts. Because the DLT rate was less than 25%, 3 mg/kg PEG-IFN together with pembrolizumab (2 mg/kg) was determined to be the RP2D. Select treatment-related AEs (TRAEs) are listed in Table 2 , and detailed TRAEs occurring in two or more patients are detailed in Appendix  Table A2 (online only). TRAEs of any grade observed in greater than or equal to 10% of patients included grade 1 hyponatremia (11.1%), grade 2 lymphopenia (10.8%), grade 3 hyponatremia (10.3%), grade 3 lymphopenia (12.0%), and grade 3 fatigue (16.2%). Two patients treated at the 3 mg/kg PEG-IFN dose experienced grade 4 TRAEs. Both were irAEs, including pneumonitis and Vogt-Koyonagi-Harada uveitis. TRAE severity resulted in discontinuation of treatment in both patients. Remarkably, both patients exhibited ongoing responses in the absence of active treatment. We observed that 15 patients (34.9%) developed irAEs of any grade, including vitiligo (16.3%), hypothyroidism (16.3%), and one patient each with adrenal insufficiency (grade 3), pneumonitis (grade 4), and uveitis (grade 4). Patients who developed irAEs were more likely to be responders than nonresponders: vitiligo (six of seven patients with response) and hypothyroidism (five of seven patients with response). Overall, grade 3 to 4 TRAEs occurred in 21 patients (48.8%). No treatment-related deaths occurred. After the initial DLT period, 21 patients (48.8%) required one dose reduction of PEG-IFN, seven (33.3%) of whom also required a second dose reduction.
Antitumor Activity
Forty-three patients were evaluable for efficacy. At the date of primary data cutoff (December 31, 2017), an event of disease progression or death had occurred in 22 patients. Median duration of follow-up was 25 months (range, $ 1 to 38 months). Investigator-assessed ORR was 60.5% (26 of 43) by RECIST v1.1, with 46.5% of patients (20 of 43) exhibiting an ongoing response (Table 3) . Median time to response was 12 weeks, and median duration of response was not reached (Fig 1A) . Ongoing responses were observed in patients who had either stable disease or partial response at their initial evaluation (Figs 1B and 1C). We did not observe atypical responses (pseudoprogression) that were previously described in up to 7% of patients with melanoma treated with pembrolizumab. 26 Median PFS (mPFS) was 11 months (95% CI, 6 to not reached; Fig 2A) in all patients and unreached (95% CI, 25 to not reached) in responders. PFS rates at 6, 12, and 24 months were 64%, 46%, and 46%, respectively, in all patients. In nonresponders, mPFS was 6 months (95% CI, 2 to 8). Median OS in all patients was not reached (95% CI, 21 to infinity; Fig 2B) , and the 1-and 2-year OS rates were 73% and 57%, respectively. PFS was not significantly different among patients previously treated with IFN-a or ipilimumab (Appendix Figs A2 and A3 , online only).
GEP Using NanoString
Fifty-six samples from 18 patients were obtained, including nine archived formalin-fixed paraffin-embedded samples and 47 biopsies during clinical trial. At baseline, the distribution of GEP scores was similar in responders and nonresponders (Fig 3A) . Pretreatment GEP scores in all patients were higher than previously reported (ie, . 20.318).
10 While receiving treatment, GEP scores were significantly increased in both responders and nonresponders compared with baseline (one-sided P = .049), although this increase was not particularly greater in responders compared with nonresponders (one-sided P = .201; Fig 3B) .
Tumor-Infiltrating T Cells and PD-L1 Expression
Of the 22 patients sampled for T-cell analyses by immunohistochemistry, 21 patients had samples deemed adequate. Responding patients exhibited greater pretreatment CD8+ T-cell infiltrates at the invasive margin than nonresponding patients (P = .0342) (Appendix Fig A4A, online only) . Pretreatment and on-treatment peritumoral CD8+ T-cell infiltrates did not differ significantly between responders and nonresponders. There was no significant relationship between pretreatment CD4+ T-cell or Foxp3+ infiltrates and response to therapy (Appendix Fig A4A) . Pretreatment tumor samples from 15 patients were evaluated for PD-L1 staining. We observed that four (26.7%) samples were PD-L1 negative (PD-L1 MEL score # 1), whereas 11 samples (73.3%) were PD-L1 positive (PD-L1 MEL score . 1; Appendix Fig A4B) . Responders had higher pretreatment PD-L1 values than nonresponders, although this difference was not statistically significant (P = 1.00).
Total Body Tumor Burden
Baseline RTB was higher in nonresponders than responders, but this difference did not reach statistical significance (two-sided P = .08; Appendix Fig A5A, online only) . When evaluated by site, the correlation of higher pretreatment liver RTB with nonresponse nearly reached statistical significance (two-sided P = .0518), whereas pretreatment RTB at other sites (nonliver visceral, lung, and skin/subcutaneous/lymph node) was not associated with response (Appendix Fig A5A) . Patients with liver-dominant disease (defined as a ratio of liver RTB; total RTB . 1) were more likely to be nonresponders (two-sided P = .0731; Appendix Fig A5A) . Notably, higher RTB was significantly associated with shorter PFS (P = .0030) and OS (P = .0035), even after controlling for elevated LDH and disease stage (Appendix Fig A5B) . 
DISCUSSION
The results from the phase Ib/II KEYNOTE-020 trial presented herein suggest that the combination of pembrolizumab and PEG-IFN exhibits significant clinical activity in PD-1-naïve melanoma. ORR was 60.5%, with 46.5% of patients exhibiting an ongoing response, including one complete response and 19 partial responses. The current disease control rate was 48.8%. Although these findings have to be interpreted cautiously in the absence of a control group, the 24-month PFS rate of 46% measures favorably compared with the 24-month PFS rates of 28% (10 mg/kg every 3 weeks) and 31% (10 mg/kg every 2 weeks) reported in the KEYNOTE-006 study (ClinicalTrials.gov identifier: NCT01866319). 27 The safety profile of the combination was notable for higher rates of grade 3 fatigue (16.2%) and grade 3 lymphopenia (12.0%) compared with the KEYNOTE-006 study, likely because of PEG-IFN. The incidence of severe hyponatremia (grade 3, 10.3%) was similar to that observed in other studies of pembrolizumab and nivolumab. 4, 27 Two patients (4.7%) discontinued both pembrolizumab and PEG-IFN because of grade 4 TRAEs. Interestingly, both patients continue to respond favorably without any subsequent treatment. No treatment-related deaths occurred. The efficacy of the combination did not seem to be affected by the receipt of prior IFN-a and/or ipilimumab. Therefore, our data support that the combination of pembrolizumab 2 mg/kg and PEG-IFN 3 mg/kg per week is active and safe in patients with advanced melanoma.
Our findings contrast with those of the phase Ib KEYNOTE-029 (ClinicalTrials.gov identifier: NCT02089685) study that also tested pembrolizumab in combination with PEG-IFN in melanoma and renal cell carcinoma (RCC) . 28 This study included a separate arm that evaluated pembrolizumab with low-dose ipilimumab (1 mg/kg every 3 weeks for four doses) that was independently reported. 29 In the PEG-IFN arm, which accrued 17 patients, dose escalation did not proceed beyond dose level 2 (PEG-IFN 2 mg/kg per week) because DLTs occurred in 67% of patients at this dose level. The ORRs of 20% (melanoma, one of five patients) and 17% (RCC, two of 12 patients) were lower than those observed in other studies of PD-1 inhibitors in melanoma (33% to 44%; KEYNOTE-006 and CheckMate 037; ClinicalTrials.gov identifiers: NCT01866319 and NCT01721746 respectively) 30, 31 and RCC (25%; CheckMate 025; ClinicalTrials. gov identifier: NCT01668784). 32 Only five patients with melanoma across two dose levels were included in KEYNOTE-029, which limits the interpretation of the findings in melanoma. Of note, the incidence of grade 3 to 4 TRAEs in KEYNOTE-029 patients treated with pembrolizumab and PEG-IFN (58.8%) was higher than what was observed in our study (48.8%).
The presence of CD8+ T-cell infiltrates was significantly associated with response in agreement with the established prognostic value of CD8+ T-cell infiltrates in predicting favorable clinical outcome while receiving PD-1 therapy in melanoma. 6, 33, 34 Within the tumor microenvironment (TME), CD8+ TILs and PD-L1 are often closely linked because CD8+ TILs induce PD-L1 expression on tumor through the production of IFN-gamma. 35, 36 When we analyzed the prognostic relevance of PD-L1 expression in combination with CD8+ TIL density, patients with PD-L1 greater than 1/CD8 T cell greater than 1 had greater mPFS than the entire cohort (18 v 11 months) . However, the small number of patients in other categories (PD-L1/CD8 # 1; PD-L1 . 1/CD8 # 1; and PD-L1 . 1/CD8 # 1) precluded formal statistical comparisons among these groups. Whether the association of high CD8+ TIL density together with high PD-L1 expression may better predict response to PD-1 therapy than either CD8+ TIL density or PD-L1 expression alone warrants additional investigation.
The 18-gene immune-related GEP incorporates multiple genes related to antigen presentation, chemokine expression, and (A) Gene expression profile (GEP) scores for patients at pre-treatment timepoint by response status. GEP scores based on data from 16 patients classified by current response (left) and best response RECIST v1.1 (right). (B) Subject-level GEP scores on treatment by best overall response status. On-treatment GEP scores based on data from 14 patients. In all patients, GEP scores were significantly greater on-treatment compared to baseline (1-sided P value 0.049). Response is classified as best overall response and calculated using RECIST v1.1. CR, complete response; PR, partial response; pt, patient; EOT, end of treatment; RECIST v1.1, Response Evaluation Criteria in Solid Tumors version 1.1; Scr, screening. adaptive immunity. 10, 37 The GEP seems to predict response to anti-PD-1 immunotherapy in melanoma. In this study, the pretreatment GEP scores did not significantly differ between responders and nonresponders. 10 This may be a result of the small sample size and precludes us from additional inference that may be better assessed in a larger study. The GEP scores were significantly higher in all patients (. 20.318), suggesting that the tumors in both responders and nonresponders were more inflamed before therapy. Finally, the GEP scores increased significantly after treatment in both responders and nonresponders, although this difference was not greater in responders compared with nonresponders.
Higher baseline tumor size, including a maximum of 10 lesions or five per organ, was adversely associated with survival in patients receiving anti-PD-1 immunotherapy independent of LDH or metastatic disease substage. 38 To better evaluate the role of total RTB in determining response to therapy, we measured the RTB and observed that it was adversely associated with PFS and OS. These findings are concordant with the evidence that antigen burden acts as the primary driver of T-cell exhaustion 39, 40 and that high tumor burden together with T-cell reinvigoration may predict response to PD-1 blockade. 41 Collectively, the findings in this study suggest that RTB should be further assessed in prospective studies of anti-PD-1 immunotherapy combinations.
In conclusion, the combination of pembrolizumab and PEG-IFN seems to be safe and active in PD-1-naïve melanoma. Pretreatment lower RTB and greater CD8+ T-cell infiltrates were significantly associated with improved response. The promising clinical efficacy of the proposed combinatorial therapy will need to be further evaluated in a larger randomized clinical trial.
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Liver-specific tumor burden (screening; SD as R)
Liver-dominant tumor burden (screening; SD as R) Fig A5. (A) Baseline radiographic tumor burden (RTB) in all patients (N = 43). Total RTB was greater in responders compared to non-responders (left, P = 0.08). Patients with higher liver disease burden were more likely to be non-responders, whether liver tumor burden was considered alone (middle, P = 0.0518) or as a fraction of the total tumor burden (right, P = 0.0731). (B). Higher RTB was associated with shorter PFS and OS, even after controlling for LDH and disease sub-stage. LDH, lactate dehydrogenase; LN, lymph node; NR, non-responder; OS, overall survival; PFS, progression-free survival; R, responder; RTB, radiographic tumor burden; SD, stable disease; ULN, upper limit of normal. NOTE. All patients who received at least one dose of pembrolizumab and one dose of pegylated-interferon are included. All events numerated. Abbreviations: ALP, alkaline phosphatase; CPK; creatine phosphokinase; VKH, Vogt-Koyanagi-Harada disease. *Includes rash, macular rash, and maculopapular rash.
